EGL3 and RCE1 are glycoside hydrolase family 45 endoglucanases isolated from Humicola grisea and Rhizopus oryzae respectively. The amino acid sequences of the two endoglucanases are homologous; on the other hand, the optimum temperature of EGL3 is higher than that of RCE1. In this study, four chimeric endoglucanases, named ER1, ER2, ER3 and ER4, in which one of four sequential amino acid regions of the EGL3 catalytic domain (CAD) was replaced by the corresponding RCE1 amino acids, were constructed to explore the region responsible for the EGL3 temperature profile. Then their temperature profiles were compared with that of the recombinant EGL3. Replacement of the Nterminal region of EGL3 with that of RCE1 caused the EGL3 temperature profile to shift to a lower temperature. These results suggest that the N-terminal amino acids of the EGL3 are responsible for the EGL3 temperature profile.
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Cellulose is the most abundant biological polymer on Earth. It is degraded by cellulases in nature. 1) Degradation of cellulose is thought to be achieved by synergistic action of three types of cellulase components: endoglucanases (EC 3.2.1.4, endo--D-1,4-glucanases), cellobiohydrolases (EC 3.2.1.91), and -glucosidases (EC 3.2.1.21).
2) Among these three cellulase components, endoglucanases are known to be the most effective at removing microfibrils from the surfaces of native cellulose and artificial cellulosic fabrics. 3) Removing microfibrils from artificial cellulosic fabrics is a necessary step in enhancing the softness and brightness of cotton fabrics. 4) Hence endoglucanases are essential enzymes in industrial applications as well as key enzymes for native cellulose degradation in nature.
Glycoside hydrolase family 45 (GH45) endoglucanases are one of the most commonly used endoglucanases for such industrial purposes because of their high activities. 4, 5) Endoglucanases for industrial purposes are required to have suitable enzyme properties for unique industrial processes. Temperature profile is one of most important properties. For example, in the denim-finishing process, endoglucanases, which show high activity at low temperatures, are suitable, since treating denims at lower temperature allows savings in energy costs.
3) The rules for controlling temperature profiles of GH45 endoglucanase are still unknown, although they are often used in industrial purposes.
The GH45 endoglucanases isolated from Humicola sp. have been well investigated. [6] [7] [8] [9] Generally, the endoglucanases from Humicola sp. have higher optimum temperatures. 8, 9) Recently we isolated novel GH45 endoglucanases, RCE1, RCE2, and RCE3, from Rhizopus oryzae. 10, 11) The amino acid sequences of the GH45 endoglucanases from R. oryzae are homologous with those of Humicola endoglucanases; on the other hand, the temperature profile of RCE1 is shifted to lower temperatures than those of the Humicola endoglucanases. 9, 11) Hence a comparison of amino acid sequences and temperature profiles between GH45 endoglucanases from the Humicola and those from R. oryzae might provide information about the rules governing temperature profiles of the GH45 endoglucanases.
One strategy to find the rules governing enzyme properties is a comparison of amino acid sequences from homologous proteins that show different enzyme properties. Finding amino acid substitution patterns correlating with enzyme properties should provide insight into the rules for governing enzyme properties. A set of engineered proteins, which are homologous but show different properties, is also a good source to find rules governing enzyme properties. 12) In this study, we constructed four chimeric GH45 endoglucanases between the EGL3 from H. grisea and the RCE1 from R. oryzae. 13) In the chimeric endoglucanases, part of the amino acid sequence of EGL3 was replaced with a corresponding part of RCE1. Then their temperature profiles were compared with that of recombinant native EGL3. Replacement of the N-terminal amino acids of EGL3 with those of RCE1 caused the EGL3 temperature profile to shift to a lower temperature (the RCE1-type profile). The mechanism of contribution of N-terminal amino acids to the temperature profiles of EGL3 and RCE1 are discussed by use of a structural model of EGL3. The results obtained here should help in understanding how GH45 endoglucanases govern their temperature profiles.
Materials and Methods
Bacterial strains and media. Escherichia coli was cultivated in Luria-Bertani medium supplemented with ampicillin (100 mg/ml). E. coli JM109 was used as a host for recombinant plasmids. For cloning of the egl3 and the rce1 genes, the plasmid pNCE4 constructed by Moriya et al. 10) was used. The cDNA of egl3, which was prepared as described by Takashima et al., 9) was ligated into pNCE4, and named pEGL3. This vector was used as a template DNA of egl3 and for expression of recombinant EGL3 (rEGL3). Also synthetic rce1 DNA, 14) whose codon usage was optimized to fit with the most frequently used codons in Humicola sp., was cloned into pNCE4. 15) This vector was named psRCE1 and used as a template DNA of rce1.
14) The plasmid pNCE4 was also used for expression of chimeric proteins. H. insolens FERM BP-5977 was used as an expression host for rEGL3 and the chimeric proteins. 10) Construction of chimeric genes between egl3 and rce1. The strategy for the construction of four chimeric genes, er1 for the chimeric protein ER1, er2 for ER2, er3 for ER3, and er4 for ER4, is summarized in Fig. 1 . To replace part of egl3 with a corresponding sequence of rce1, common restriction sites were incorporated into egl3 in pEGL3 and rce1 in psRCE1. For site-directed mutation of egl3 and rce1, the site-directed mutagenesis kit (Stratagene, Hayward, CA) was used with the sets of the forward and the reverse primers described in Table 1 . The amino acid sequences encoded by these mutated DNAs were not changed from their original sequences. The MluI, BglII, EcoRV and AgeI sites were incorporated into both egl3 and rce1, in addition to a common original NcoI site. Then the mutated egl3 and the mutated rce1 were digested with a combination of MluI and NcoI for er1 construction, with NcoI and BglII for er2, with BglII and EcoRV for er3, and with EcoRV and AgeI for er4. A longer DNA fragment from the digested pEGL3 and a shorter fragment from the digested psRCE1 were ligated. These constructed plasmids were used for expression of the chimeric proteins.
Expression of EGL3 and chimeric proteins by H. insolens. The ORF of egl3 and the chimeric genes without signal sequence was ligated next to the signal sequence of the avi2 gene of pNCE4.
10) For transformation of H. insolens, selection of transformants, and production of the recombinant proteins, the methods described by Moriya et al. 10) were followed. The transformants, which showed an overexpressed band at about 35 kDa, were screened and used for production of native recombinant EGL3 (rEGL3) and the chimeric proteins.
Purification of native rEGL3 and chimeric proteins. rEGL3 and the recombinant chimeric proteins were purified by a combination of hydrophobic chromatography and cation exchange chromatography. To the culture supernatant (20 ml), ammonium sulfate was added to a final concentration of 1.0 M, and then the supernatant was applied on a HiTrapÔ Phenyl HP column (5 ml, Amersham Pharmacia Biotech, Tokyo) equilibrated with 1.0 M ammonium sulfate in 20 mM sodium phosphate buffer (pH 7.0). After it was washed with 3 bed volumes of the same buffer, the column was eluted with a continuous linear gradient of ammonium The chimeric genes were constructed by a three-step method. Step1, Four common restriction sites were incorporated into egl3 in pEGL3and rce1 in psRCE1. Step2, Mutated egl3 and mutated rce1 were digested with a combination of MluI and NcoI for er1, of NcoI and BglII for er2, of BglII and EcoRV for er3, and of EcoRV and AgeI for er4. A longer DNA fragment from digested pEGL3 and a shorter DNA fragment from digested psRCE1 were purified. Step3, Two purified fragments were ligated into a fungal expression vector. Abbreviations: CAD, catalytic domain; CBM, cellulose binding module sulfate (1.0 M to 0 M), followed by MilliQ water. The fractions, which showed a band at about 25 kDa on SDS-PAGE analysis and endoglucanase activity, were pooled. The pooled fractions were collected and dialyzed against 50 mM acetate buffer (pH 4.0), then applied on a MonoS column (5 mm Â 50 mm, Amersham Pharmacia Biotech). After it was washed with 3 bed volumes of the same buffer, the column was eluted with a continuous linear gradient from 50 mM acetate buffer (pH 4.0) to 1 M NaCl in 50 mM acetate buffer (pH 5.0). The fractions, which showed a band at about 25 kDa on SDS-PAGE analysis and endoglucanase activity, were collected and then used as purified proteins.
Protein and enzyme assay. Endoglucanase activity was estimated by measuring the reducing sugars released from carboxymethyl cellulose (CMC, Tokyo Kasei Kogyo, Tokyo) as described previously. 11, 13) Briefly, the activities were measured under standard conditions using reaction mixtures containing 10 mg of substrate in 1.0 ml of 50 mM sodium acetate buffer (pH 6.0), and incubated for 15 min at 50 C. One unit (U) of endoglucanase activity was defined as the amount of enzyme releasing 1 mmole of reducing sugar per min. The effect of pH was measured under standard conditions by varying pH (pH 4-9) by the use of 50 mM sodium acetate buffer for pH 4-6, 50 mM sodium phosphate buffer for pH 7, and 50 mM Tris-HCl buffer for pH 8 and 9. The effect of temperature was measured under standard conditions by varying the temperature (30-70 C). For determination of thermal stability, the purified proteins in 50 mM sodium acetate buffer (pH 6.0) were kept at 70 C for 15 min, and then the residual endoglucanase activities were determined. Protein concentrations were determined by Bradford's method 16) using a protein assay kit (Bio-Rad, Hercules, CA) with BSA as the standard.
N-Terminal amino acid sequencing. Three milligrams of purified rEGL3 or one of the chimeric proteins was separated by SDS-PAGE, then the protein in the gel was transferred to a polyvinylidene difluoride (PVDF) membrane. The N-terminal amino acid sequence of the blotted protein was determined using an ABI model 491 protein sequencer (Applied Biosystems, Foster City, CA).
Homology modeling. The three-dimensional structure of the catalytic domain (CAD) of EGL3 was modeled with the program SWISS-MODEL version 3.5 at the Expasy server.
17) The structure of EGV from H. insolens (PDB accession code, 1HD5) was used as the modeling template. The similarity of the amino acid sequence of CAD as between EGL3 and EGV was 99.0%. The structural model was visualized with the cartoon mode of Protein Explorer software.
18)

Results
As shown in Fig. 2 , EGL3 from H. grisea and RCE1 from R. oryzae consist of three distinct domains: a catalytic domain (CAD), a cellulose binding module (CBM), and a linker domain. 9, 13) Among these domains, CAD is considered to be responsible for endoglucanase activities and properties. 13) Hence part of EGL3 CAD was replaced with a corresponding part of RCE1 to explore the amino acids responsible for the EGL3 temperature profile.
Design of chimeric proteins between EGL3 and RCE1
In Fig. 2 , the amino acid sequence alignment of the CADs between EGL3 and RCE1 is shown. The similarity of amino acid sequence between the two CADs was 57.7%. Based on the amino acid sequence alignment between EGL3 and RCE1, four chimeric 
proteins, named ER1, ER2, ER3, and ER4, in which one of four sequential amino acid regions of the EGL3 CAD was replaced by the corresponding RCE1 amino acids, were designed (Fig. 2) . In ER1, the N-terminal region of the EGL3 CAD (amino acid numbers 14-61) was replaced with the corresponding region of RCE1 CAD. In all, 26 amino acids out of 55 amino acids of EGL3 were replaced.
In ER2, 51 amino acids between amino acids 62 and 113 of EGL3 were replaced with the corresponding region of RCE1 CAD. In all, 17 amino acids of EGL3 were replaced.
In ER3, 35 amino acids (amino acids 114-149 of EGL3) next to the region replaced in ER2 were replaced. This region was highly conserved, and only 6 out of 35 amino acids of EGL3 were replaced in ER3, but two three-amino-acid insertions were found.
In ER4, the C-terminal region of EGL3 CAD (amino acids 150-197 of EGL3) was replaced with the corresponding region of RCE1 CAD. In all, 21 out of 47 amino acids of EGL3 were replaced.
Expression and purification of rEGL3 and chimeric proteins
For expression of recombinant EGL3 (rEGL3) and the chimeric proteins, H. insolens FERM BP-5799 was used as a host. After transformation of H. insolens with the expression vector of rEGL3, ER1, ER2, ER3, or ER4, the transformants, which successfully overexpressed rEGL3 or the chimeric proteins, were screened. Culture supernatants of the transformants and the recipient strain were separated by SDS-PAGE. The supernatant of the recipient strain show no major band at about 35 kDa; on the other hand, most transformants of rEGL3, ER1, ER2, and ER3 showed a broad band between 31-38 kDa (data not shown), but the supernatants of the ER4 transformants did not show any bands (data not shown). These results indicate that the recipient strains produce only a small amount of native EGL3, if any, and that rEGL3, ER1, ER2, and ER3 were successfully overexpressed by H. insolens. On the other hand, ER4 was not expressed by H. insolens.
rEGL3, ER1, ER2, and ER3 were purified from the supernatants by a combination of hydrophobic chromatography and cation exchange chromatography. As shown in Fig. 3, rEGL3 , ER1, ER2, and ER3 were purified as bands at 26, 25, 25, and 26 kDa respectively. The N-terminal amino acid sequences of all these bands were the same sequence, ADGKS, which coincided with that of native EGL3 (Fig. 2) . The observed molecular mass of native EGL3 was 43 kDa, as determined by Takashima et al., and the theoretical molecular masses of the CADs of rEGL3, ER1, ER2, and ER3 were 22 kDa. Based on this information, we judged that purified rEGL3, ER1, ER2, and ER3 were the CADs of these recombinant proteins.
Temperature profiles of purified rEGL3, ER1, ER2, and ER3
The pH profiles of purified rEGL3, ER1, ER2, and ER3 are shown in Fig. 4 . The results show that the optimum pHs of ER1 and rEGL3 were 6.0. The activities at pH 6.0 of ER2 and ER3, whose optimum pHs were not 6.0, remained at more than 94% of their activities at optimum pHs. Based on these results, we chose pH 6.0 for determination of the temperature profiles of rEGL3, ER1, ER2, and ER3.
The temperature profiles of rEGL3, ER1, ER2, and ER3 are shown in Fig. 5 . As Fig. 5A shows, the temperature profile of ER1 shifted lower than that of rEGL3. As Fig. 5B shows, the specific activity at 30 C of ER1 was at almost same level of that of rEGL3, but at higher temperatures than 30 C, the specific activities of ER1 were lower than those of rEGL3 because of the lower optimum pH of ER1.
The temperature profile and specific activity of ER2 were found to be very similar to those of rEGL3.
The temperature profile of ER3 was very similar to that of rEGL3, but the specific activity of ER3 was 20 times lower than that of rEGL3.
Thermal stability of ER1
To determine whether the temperature profile shift of ER1 was due to a decrease in temperature stability, the thermal stability of ER1 at 70 C was compared with those of rEGL3 and ER2. The residual activity of ER1 after storage at 70 C for 15 min was 96.9%, higher than those of EGL3 (88.9%) and ER2 (89.1%). These results indicate that the temperature profile shift of ER1 was not due to a decrease in temperature stability. Discussion rEGL3, ER1, ER2, and ER3 overexpressed by H. insolens, were thought to be degraded by a host protease(s) during the cultivation period and the purification procedures. Takashima et al. reported that the apparent molecular mass of native EGL3 is 43 kDa. 9) Since the theoretical molecular masses of ER1, ER2, and ER3 were almost the same as that of EGL3, these recombinant proteins should be expressed as proteins of molecular masses about 43 kDa. But SDS-PAGE showed the all the supernatants of these recombinant proteins had broad bands at about 35 kDa (data not shown), smaller than the molecular mass of native EGL3 and larger than the theoretical molecular masses of the CADs of rEGL3, ER1, ER2, and ER3. After the final purification procedure, SDS-PAGE of the purified proteins of rEGL3, ER1, ER2 and ER3 showed sharp bands at 25 kDa, which almost coincides with the theoretical molecular mass of the CADs of these recombinant proteins. Recombinant cellulases are sometimes degraded at the linker region by the host's proteinases. 19, 20) Hence we concluded that the recombinant proteins were degraded to CADs with heterologous lengths of the linker during the cultivation period, and that the linker was cut off during the purification procedure.
Only CADs are considered to be responsible for endoglucanase activity and properties.
13) The optimum temperature of truncated rEGL3 in this study was 65 C, the same temperature as that of purified native EGL3, which was not truncated and retained the CBM and the whole length of the linker. 9) Based on these results, we judged that the truncations of the linkers and the CBMs did not have large effects on the temperature profile of EGL3. Therefore, each temperature profile of purified ER1, ER2, ER3, and rEGL3, which consisted of just a CAD, was considered to reflect that of its non-degraded form.
The EGL3 amino acids replaced by RCE1 amino acids in ER1 were thought to be responsible for the EGL3 temperature profile. We reported previously that the temperature profile of RCE1 shifts to lower temperatures than that of EGL3 and that its optimum temperature (55 C) was lower than that of EGL3 (65 C). Also, the relative activity of RCE1 at 70 C (56%) was lower than that of EGL3 (84%). Therefore, if the RCE region introduced into ER1 is responsible for the RCE1 temperature profile, the temperature profile of ER1 should cause an EGL3 temperature profile shift to lower temperatures and a lowering of the relative activity at 70 C. The results of this study indicate that the temperature profile of ER1 was shifted to lower temperatures. Also, the relative activity of ER1 at 70 C (56%) was lower than that of EGL3 and at a level similar to the RCE1. Based on these results, we concluded that the EGL3 amino acids replaced in ER1 were responsible for the temperature profile of EGL3.
To depict the structural positions of the replaced amino acids in ER1, we modeled the structure of EGL3 CAD and determined the positions of the replaced amino acids in ER1. The crystal structure of EGL3 CAD was modeled by the use of H. insolens EGV structure as a modeling template. The EGL3 model constructed (Fig. 6 ) was considered to be highly reliable, since the amino acid sequence between EGV CAD and EGL3 CAD was highly homologous (99.0%). The structural model of EGL3 CAD (Fig. 3) suggested that most of the amino acids replaced in ER1 were involved in a long loop at the opposite side of the active cleft. Hence the long loop might play an important role in the temperature profile of EGL3.
Although no general rules for protein thermal properties have been established, several promising ones have been proposed. Vieille and Zeikus 21) proposed that the most promising strategies for thermostabilization are substitutions in amino acids at the protein surface, especially in loops and turns, since substitutions in these areas are accommodated by rearrangements of the neighboring residues more easily than those in rigid parts of the protein. In addition, polarity-changing substitutions on the protein surface are also proposed to be preferable for thermostabilization to rearrange ion pairs and anchor the loops to the protein surface. The substitution pattern in ER1 coincided with these promising rules, since the amino acids replaced in ER1 was predicted to be located on the surface of the long loop, and eight of 26 substitutions were polarity-changing. Previously, we engineered glycoside hydrolase family 5 endoglucanase EngB and EngD from Clostridium cellulovorans by DNA shuffling technique and obtained more thermostable mutants than parents.
12) Among 18 amino acid substitutions by DNA shuffling, 12 were polarity-changing substitutions located on the protein surface. Shibuya et al. also found that replacement of the N-terminus region of mesophilic xylanase from Streptomyces lividance with the corresponding region of thermophilic xylanase from Thermomonospora fusca Those of RCE1 in Chimeric Proteins.
The structure was modeled with the program SWISS-MODEL version 3.5 at the Expasy server. 17) The structure of EGV from Humicola insolens 7) was used as the modeling template. The structure model was visualized with the cartoon mode of Protein Explorer software.
18) The similarity in amino acid sequence between EGL3 CAD and EGV CAD was 99.0%. The structure is described from four different directions. The replaced regions from EGL3 to RCE1 are shown in red for ER1, in green for ER2, in yellow for ER3, and in blue in ER4. Cellobiose as a substrate is also shown. increased its thermostability. 22) Among 16 amino acid substitutions by this replacement, four polarity-changing substitutions located on the protein surface were gained. Based on these results, polarity-changing substitutions on the protein surface were considered to be a promising strategy for thermostabilization, as Vieille and Zeikus proposed.
Our results suggest that the temperature profile shift of ER1 was not due to a decrease in temperature stability. Otzen et al. showed that EGV from H. insolens, which is highly homologous with EGL3, went through a reversible intermediate when it was denatured by surfactants. 23) Klimov and Thirumalai proposed that a loop structure affects the structure of an intermediate in the transition from native state to denatured state. 24) Therefore, the structure of EGL3 might change to a reversible deactivated intermediate at high temperatures, and a substitution in the N-terminal long loop of EGL3 might affect the structure of the EGL3 intermediate. Based on these speculations, one possible mechanism of the temperature profile shift of ER1 is that ER1 might have a more stable reversible deactivated intermediate than rEGL3. Hence at 70 C, more of rEGL3 might be in a reversible deactivated state than in the case of rEGL3. Further observations are necessary to define the actual mechanism.
The specific activity of ER3 was much lower than that of EGL3, although the amino acid sequence of EGL3 replaced in ER3 was highly homologous with that of RCE1. The structure model of EGL3 suggested that the amino acids substituted in ER3 were involved in the active cleft (Fig. 7) . Therefore, the amino acids substituted in the ER3 might be directly involved in the catalytic functions of EGL3.
ER4 was not expressed by the H. insolens host-vector system in this study. In ER4, nine out of the 21 substitutions caused polarity changes. The EGL3 structure model suggested that all these polarity-changing substitutions were located in the internal structure (data not shown). Therefore, it is possible that these polaritychanging substitutions destabilized the EGL3 structure and consequently ER4 was not expressed by H. insolens.
In this report, we propose that the N-terminal amino acids, which are located mainly in the long loop in EGL3, were responsible for governing the EGL3 temperature profile, but we are still far from identifying the amino acid(s) responsible for the EGL3 temperature profile, since 25 amino acids were replaced in ER1. To reduce the number of candidate amino acids, it would be helpful to compare the N-terminal amino acid sequence of EGL3 with the other family 45 endoglucanases, whose temperature profiles are different from that of EGL3. So far, only a small number of GH45 endoglucanases, with information about their temperature profiles have been isolated. Hence we have been isolating new family 45 endoglucanases, whose temperature profiles are shifted to temperatures lower than the EGL3 profile. Recently, we isolated three new family 45 endoglucanases, RCE2 from Rhizopus oryzae, 13) PCE from Phycomyces nitens, 25) and MCE from Mucor circinelloides, 26) whose temperature profiles were shifted to lower temperatures than the EGL3 profiles. Judging by a combination of protein engineering and a comparison of amino acid sequences, we believe that the amino acid(s) responsible for the EGL3 temperature profile can be identified, and hopefully we will be able to find a rule governing GH45 endoglucanase temperature profiles. Such a rule should help quickly to develop new endoglucanases suitable for industrial purposes.
